Objective-To assess right and left ventricular systolic function in normal human fetuses by cross sectional Doppler echocardiography to calculate the force developed by myocardial shortening. Design-Cross sectional echocardiographic images of the aorta and pulmonary arteries were obtained prospectively in order to measure great vessel diameters and calculate their cross sectional areas. Doppler velocity signals were recorded from the proximal aorta and the proximal pulmonary artery and digitised to obtain peak velocity, acceleration time, flow velocity time integral during acceleration, and the flow velocity time integral for the whole of ejection. Right and left ventricular force development was estimated by Newton's equation in which force is defined as the product of mass and acceleration.
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Patients-58 normal human fetuses at a gestational age of from 20 to 42 weeks.
Results-The cross sectional area of the pulmonary artery was 20% greater than that of the aorta. Aortic acceleration time was longer than that in the pulmonary artery, and peak blood flow velocity in the aorta was consistently greater than that in the pulmonary artery. Right ventricular stroke volume was significantly greater than left ventricular stroke volume. The force developed by the right and left ventricles was, however, similar throughout the gestational period studied, increasing tenfold from 20 weeks' gestation to term (r = 0'74, p < 0-0001; r = 0 75, p < 0'0001) respectively. Cross sectional echocardiographic images of the aorta and pulmonary artery were transferred from half inch videotape to the digital disc of a Frieland Medical off-line computer analysis system. The aortic and pulmonary artery diameters were measured at the level of the annulus immediately distal to the semilunar valves at the time of maximum leaflet separation. The gain controls of the ultrasonoscope were adjusted to minimise "blooming" of echoes from the vessel walls. Measurements were made with an electronic cursor from a minimum of five separate cardiac cycles and rounded off to the nearest millimetre. Mean values were calculated for each vessel diameter.
Conclusion
Cross sectional areas of the pulmonary artery and of the aorta were calculated assuming a circular cross section CSA = i(D/2).2 Doppler velocity signals recorded from the aorta and pulmonary artery from a minimum of three consecutive cardiac cycles during periods of fetal apnoea were transferred from videotape to the hard disc of the computer analysis system. The velocity spectral envelopes with the maximum velocities were digitised through the middle of the densest portion of the spectral envelope. The following measurements were made from the pulmonary artery and the aorta: 
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group.bmj.com on June 26, 2017 -Published by http://heart.bmj.com/ Downloaded from area of the pulmonary artery was 20% greater than that of the aorta (0 31 (0-16) cm2 v 0 39 (0 20) cm2) (p < 0-01). The blood flow velocities in the aorta were consistently greater than velocities in the pulmonary artery (mean 0-88 (0-14) m/s v 0-78 (0-13) m/s.) (p < 0 0001). However, neither the aortic nor the pulmonary artery peak velocities varied significantly with heart rate (r = -0 01, r = + 0 04 respectively).
The mean ventricular stroke volume ejected by the right ventricle was 24% greater than that ejected by the left ventricle for the population as a whole (4-1 (2-6) ml v 3-3 (2 0) ml) (p < 0 01) (fig 2) . Both right and left ventricular stroke volumes increased progressively with gestational age (fig 3) . Heart rate declined from a mean of 144 beats per minute at 20 weeks to a mean of 129 beats per minute at 42 weeks. The acceleration time in the aorta was significantly longer than that in the pulmonary artery (44-6 (6 9) ms v 39 4 (10-6) ms) (p < o OO1).
The myocardial force developed by the right and left ventricles increased more than tenfold from 20 weeks' gestation to term, (r = 0 74, p < 0O0001;r = 0-75,p < 0O0001)(fig4). The force developed by the right ventricle was similar to that developed by the left ventricle throughout the period of gestation studied ( fig  5) . The force developed by both ventricles varied independently of heart rate (r = -0-12 and r =-01 1).
REPRODUCIBILITY
The reproducibility of measurements of great vessel diameters in the human fetus has already been reported and the consequences of errors in diameter measurement on volume flow calculations derived from them have been estimated. '5
Discussion
The lack of a simple measure of ventricular performance in the human fetus prompted us to develop a non-invasive technique to measure the force developed by both right and left ventricles. We chose to measure ventricular force because it can be defined in physical terms and because it relates directly to myocardial systolic shortening. Importantly, myocardial systolic shortening, force development, and the force-velocity relations in the fetal myocardium differ from those in the adult myocardium.'6 These differences in myocardial mechanics are determined by the different enzyme kinetics of the myosin ATP'ase on the fetal and adult myosin isoforms." 18 We estimated force as the product of mass and acceleration as defined in Newton's equation. This required simple measurements of blood flow velocity signals and great artery diameters, all of which have been reported individually in several previous studies.4 5 19 20 The concept of force development was attractive for several reasons. First, it did not require any assumptions regarding ventricular geometry or size. Second, it did not need measurement of ventricular volumes. Third, it was not affected by variation in heart rate over the physiological range encountered. Fourth, it represented an estimation of the energy transferred from right and left ventricular myocardial shortening to work done by accelerating blood into the pulmonary and systemic circulations respectively.
The cross sectional areas of the pulmonary artery were consistently greater than those of the aorta throughout the period of gestation studied, but the reverse was true of the peak blood flow velocities. The mean stroke volume ejected by the right ventricle was more than 20% greater than that ejected by the left ventricle for the population as a whole; this result accorded with previous reports.45 Acceleration time was longer in the aorta than in the pulmonary artery, as has been previously described,2' and varied inversely with heart rate. Acceleration time was longer in the aorta, whereas in normal children and adults acceleration time in the pulmonary artery is longer, as is the right ventricular ejection time.
The main finding in this study was that the force developed by the right and left ventricles was similar throughout the latter part of the second and third trimesters even though the right ventricle ejected a significantly greater stroke volume than did the left ventricle. The myocardial force in both ventricles increased more than tenfold from 20 weeks to term and this increase paralleled the increase in heart weight and total body weight,3 22 indicating that force increases as myocardial mass increases with fetal growth. The variability in force development in the third trimester most probably relates to the variability in fetal body habitus and therefore myocardial mass.
The similarity between the force developed by the two ventricles was initially surprising in view of the significantly different stroke volumes. Myocardial systolic shortening in the intact ventricle is determined by several factors, important among which are ventricular chamber geometry and ventricular loading conditions or afterloads.2324 Calculation of right and left ventricular afterloads requires the measurement of chamber diameters, wall thicknesses, and ventricular systolic pressures. Left and right ventricular diameters, wall thicknesses, and free wall weights were found to be similar in the human fetus when they were measured in vivo by ultrasound and in vitro in necropsy specimens,3 22 indicating similar right and left ventricular chamber geometry. However, right and left ventricular systolic pressures cannot be measured in the human fetus and therefore ventricular afterloads cannot be quantified. In the fetal lamb, which has been used extensively as an experimental model, right and left ventricular systolic pressures are equal,25 26 and there is little reason to believe they are different in the human fetus. Thus ventricular afterload, which is the force that the myocardium must overcome to eject blood into the pulmonary or systemic circulations, must be the same in the two ventricles. Because afterload varies inversely with ventricular fractional shortening further evidence that right and left ventricular afterloads are equivalent is provided by the observation that fractional shortening is similar in the right and left ventricles. Since right and left ventricular chamber geometries, afterloads, and myocardial shortening are all closely similar, it is easier to understand how the two ventricles develop the same amount of myocardial force even though their respective volume handling is different. The right ventricle ejects a larger stroke volume than the left ventricle, but does so at a lower velocity than the left ventricle.
We describe a non-invasive method of assessing right and left ventricular performance in terms of myocardial force in the human fetus. The study showed that the force developed by the right and left ventricles is similar and increases more than tenfold from 20 weeks to term. We submit that this quantitative method of assessing ventricular function may be of clinical value not only in the normal fetus but also in monitoring fetuses with impaired ventricular function.
